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p120 catenin is a scaffold protein that interacts with cadherin cytoplasmic domain and acts as a crucial component of the signalling that
regulates the cycle of adherens junction formation and disassembly. Here, we review the nature of stimuli that modulate p120ctn function and are
translated as serine/threonine and tyrosine phosphorylation events at this multisite substrate for a variety of protein kinases. We also highlight
recent findings that tentatively link phosphorylation of p120ctn to its role as a signal integrator capable to influence the state of the cadherin
adhesive bond, the cytoskeleton and cell motility.
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Phosphorylation is central to the function of integrin-
mediated cell adhesion, so it is not surprising that components
of cadherin complexes at adherens junctions (AJ) are subjected
to phosphorylation. In particular, it is often surmised that
tyrosine phosphorylation of armadillo catenins, namely β-
catenin and p120ctn, represents a major mechanism of
regulation, endowed with the potential to respond rapidly to
environmental cues and to contribute to the inherent plasticity of
adhesive contacts, for instance during development or in
tumorigenesis.
This review focuses on recent studies on phosphorylation of
p120ctn as a mechanism for regulating the activity of p120ctn.
The roles of p120ctn are reviewed in detail elsewhere in this
issue. It suffices to stress here that the stoichiometry of
p120ctn–cadherin interaction and the demonstration that
binding to cadherins is both necessary and sufficient to recruit
p120ctn to AJs make p120ctn a good candidate to be directly
involved in cadherin function. Furthermore, p120ctn appears to
act as a fine regulatory partner of cadherins: (a) forced⁎ Corresponding author.
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binding to E-cadherin in restoring epithelial morphology [1]; (b)
in Drosophila p120ctn appears as a nonessential, positive
modulator of cadherin-dependent adhesion [2]; (c) in mammals
loss of p120ctn results in markedly reduced levels of AJ
components, yet the penetrance of the phenotype imposed by
ablation of p120ctn appears to be dependent on the tissue
involved [3,4].
To understand the role of phosphorylation in cell–cell
adhesion, and in p120ctn function in particular, we should
provide answers to two different questions. The first asks how
the individual components of cadherin-containing complexes
are being phosphorylated. Specifically, we have to identify the
enzymes, kinases and phosphatases that execute and revert the
phosphorylation of specific tyrosine or serine/threonine resi-
dues, the spatial and temporal variables affecting phosphoryla-
tion and the environmental cues that trigger specific signalling
pathways. Current work is contributing to these issues, by
identifying extracellular factors that modulate cadherin adhe-
sive function and direct phosphorylation of catenins. These
topics have been lately reviewed [5–8], and we summarize and
discuss here some of the facts and emerging principles
concerning p120ctn. The second question asks how cells
interpret phosphorylation of cadherin complexes. To this aim,
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individual catenins are recognized by adaptors and effectors
present at adherens junctions and how this information is
transduced to downstream pathways affecting the dynamics of
the cytoskeleton and cadherin endocytosis to create the
appropriate contextual response, be it increased or diminished
adhesive strength. This second issue has been less pursued, for
paucity of the appropriate experimental settings, and we will try
to subsume recent observations on p120ctn into a framework
that encompasses both assembly and disassembly of cadherin-
dependent cell–cell junctions.
2. Tyrosine phosphorylation of catenins
Cell–cell junctions are by no means static, as even within a
tissue a normal polarized epithelial cell is highly dynamic.
Indeed, adhesive contacts between a cell and its neighbours and
within subdomains of an adherens junction are continually
modified. This plasticity is linked to signals instructing a cell on
how to maintain its position as well as to signals instructing
cells to divide and migrate. Cadherin-based adhesive structures
are major sites for tyrosine kinase signalling being enriched in
tyrosine-phosphorylated proteins and a variety of nonreceptor
and receptor tyrosine kinases (RTK), as well as protein tyrosine
phosphatases (PTP) [8–10]. The phosphorylation of specific
junctional components could thus provide efficient means with
which to orchestrate the turnover of AJs.
There is evidence indicating that tyrosine kinase signalling
might contribute positively to cadherin function [11] and is
required for differentiating keratinocytes to assemble cadherin-
based cell–cell contacts [12,13]. Accordingly, a surge in
tyrosine phosphorylation of catenins has been reported in
nascent adhesive contacts [12,14]. However, the observation of
relatively low levels of tyrosine phosphorylated junctional
proteins in confluent cells [14] suggests that normally tyrosine
phosphorylation of AJ components is a short-lived and tightly
controlled regulatory event. Lately, the notion has emerged that
cadherin engagement can trigger outside-in signalling events
that determine morphological and functional responses, such as
adhesive strengthening and junction formation [15–17]. It
appears that some of these cellular responses require the
activation of tyrosine kinases [15,16,18].
This phosphorylation scenario changes upon exposure of
receptive epithelial cells to oncogenic tyrosine kinases or to
growth factors capable of triggering signalling cascades that
lead to cell migration. For instance, β-catenin and p120ctn are
highly tyrosine phosphorylated in v-Src transformed cells [19–
21] and in response to epidermal growth factor (EGF) [22–24],
hepatocyte growth factor (HGF) [11,23] and vascular endothe-
lial growth factor (VEGF) [25]. In some cell contexts this trait is
associated with loss of epithelial differentiation and increased
invasiveness, coherently with Src and RTKs being frequently
up-regulated or activated in human cancers. Although tyrosine
phosphorylation of AJ components is generally associated with
disruption of cell–cell adhesion, the relationship between direct
phosphorylation of the catenins and defects in cadherin function
has remained an elusive and poorly understood issue [5,8,26].In fact, notwithstanding the plethora of concurrent phos-
phorylation changes affecting all components of the cadherin
complexes and the detailed delineation of signalling modules
downstream of RTKs, it is not yet clear whether cell–cell
junctions fall apart because incoming signals rearrange the
cytoskeleton to allow the generation of local forces pulling aside
the junction or because they directly disrupt the cadherin
adhesive bonds by targeting yet unidentified mechanisms that
promote cadherin clustering [8], or both. Moreover, oncogenic
kinases can directly or indirectly phosphorylate on tyrosine a
variety of substrates at high stoichiometry and at sites that are
only negligibly phosphorylated by their normal counterparts.
They also activate downstream signalling pathways that will on
the one hand impinge on the functionality of the actin
cytoskeleton, on the other hand lead to serine/threonine (S/T)
phosphorylation of critical substrates, including catenins.
2.1. The role of Src family tyrosine kinases
Besides their involvement in a variety of processes, e.g.
integrin-based focal adhesions, Src family kinases (SFK) are
implicated in regulation of AJs (reviewed in [6]). A hallmark of
aberrant Src activity in a variety of cell types is a profound
disorganization of cadherin-dependent cell–cell contacts [9,26–
28]. Furthermore, v-Src-induced deregulation of E-cadherin
requires integrin signalling, demonstrating a complex inter-
dependence between integrin- and cadherin-associated adhesion
changes induced by Src [29]. The role of SFKs in cell–cell
adhesion is likely to be complex, as both positive and negative
roles have been proposed. One study suggests that the activities
of SFKs are required for junctional assembly, based on the cell
adhesion defects exhibited by keratinocytes from fyn−/− mice or
from src/fyn double-knockout mice [12]. Also, Src appears to
be responsible for the activation and recruitment of PI3K to
early adhesive contacts, a mechanism that in turn regulates Rho
GTPases [18,30] (see below) and leads to stabilization of
contacts. A contrasting conclusion, i.e., that Src kinase activity
may be required for junction disassembly, is suggested by the
observation that expression of a dominant-negative allele of Src
promoted the stability of cadherin-dependent cell–cell contacts
[31].
SFKs co-localize with cadherins at cell–cell contacts and
at least one member, Fyn, is found physically associated to
p120ctn [32]. A scaffold role for p120ctn to regulate
tyrosine kinase activity at cadherin complexes is suggested
by its ability to recruit another Src family member, activated
Yes, which in turn at least in vitro activates Fyn and Fer
kinases [32]. Importantly, p120ctn is not tyrosine phos-
phorylated in cells expressing nonmyristylated alleles of src
[33] and it remains unphosphorylated when bound to
microtubules or when residing in the cytoplasm of
cadherin-deficient cells [34,35], strongly suggesting that
p120ctn kinases are membrane-associated. Eight major
tyrosine residues were identified as preferred in vitro and
in vivo v-Src substrates [36] (Fig. 1). They localize in the
N-terminus and six of these occur in the phosphorylation
domain, a region of about 100 amino acids located just
Fig. 1. p120ctn structural features, alternate splice forms and location of all identified phosphorylated p120ctn residues. p120ctn is composed of a N-terminal domain, a
central domain with ten Armadillo repeats and a C-terminus tail. Sites of interaction for p120ctn-associated proteins are reported. The N-terminus is important for
signal integration from tyrosine and serine kinases and binds nonreceptor tyrosine kinases such as Fer (aa 131–156), Fyn and Yes, and the tyrosine phosphatases PTPμ
and SHP-1. The N-terminus can also interact with kinesin, a microtubule-associated motor protein, which may affect both the targeting and function of p120ctn at
several cellular locations. The central Armadillo domain is responsible for binding to cadherins, as well as to the transcription factor Kaiso and microtubules. Of a total
of eight tyrosines phosphorylated in vitro by v-Src (red targets), six are restricted to a short segment between residues 228 and 302, termed the phosphorylation domain.
Y228 could be a direct phosphorylation target of EGFR in vivo. This region also contains the majority of p120ctn serine and threonine sites phosphorylated in vivo
(green targets), suggesting that most regulatory modification of p120ctn function is likely to occur through serine and tyrosine phosphorylation within this domain.
Only two sites, tyrosines 96 and 112, occur outside this region; residue 96 is present in isoform 1 (common in mesenchymal cells) but absent from isoform 3 (restricted
to epithelial cells), suggesting a potential role in cell motility. On the other hand, S873 (a putative target of PKC) and T910 are located in the carboxy-terminal end,
revealing a new regulatory region. So far, the Arm domain does not seem to contain prominent phosphorylation sites.
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majority of S/T sites (Fig. 1). Specific phosphorylated
tyrosines in p120ctn presumably serve as docking sites for
the recruitment of partners carrying domains that specifically
bind phosphotyrosines (e.g. Src-homology 2 domains, SH2).
Indeed, mutating all major tyrosines to phenylalanine results
in a p120ctn allele (p120-8F) that cannot be phosphorylated
by Src and fails to interact with SHP-1 [36], an SH2-
containing nonreceptor phosphatase that binds p120ctn in a
tyrosine phosphorylation-dependent manner [37] (see below
and Fig. 1).
The functional consequences of this modification are not
yet clear. Under specific circumstances, both in vitro [38]
and in vivo [12,32,39], tyrosine-phosphorylation of p120ctn
correlated with an increased affinity for cadherins. Moreover,
in unstimulated HT29 cells, an Y228 phosphorylated species
of p120ctn exhibits a higher affinity for E-cadherin than
unphosphorylated p120ctn (AM. Salvatore, unpublished).
However, no significant changes in p120ctn/E-cadherin
association were found even in instances in which p120ctn
was heavily tyrosine phosphorylated such as in v-Src-
transformed cells [40,41,42] or upon RTK stimulation
[23,43]. These apparently contrasting results most probably
reflect a complex and fine regulation of the association of
p120ctn with cadherins. It is possible, for instance, that
individual tyrosine phosphorylation sites differentially affect
the affinity of p120ctn for E-cadherin. Additionally, the
association of p120ctn to cadherins may be influenced by
concomitant phosphorylation events on other components of
the cadherin complexes.2.2. Fer tyrosine kinase and the phosphorylation of β-catenin
The Fer kinase belongs to the Fer/Fps family of nonreceptor
protein tyrosine kinases and is constitutively associated with
p120ctn [44], which in turn is a Fer substrate in vitro [32] and
possibly in vivo [44]. The binding interface involves the coiled-
coil, N-terminal domain of Fer and a short stretch (aa 132–155)
at p120ctn N-terminus [44,45] (Fig. 1). It is probable that only a
relatively minor fraction of p120ctn is bound to Fer at cadherin
complexes [44]. It also appears that in vitro tyrosine
phosphorylation of p120ctn increases the binding of Fer/Fyn-
p120ctn catenin complex to E-cadherin [32].
N-cadherin engagement induces a transient phosphorylation
of Fer, indicating that junction formation may activate Fer
kinase [46], which, at least in neuroepithelial cells, is recruited
to N-cadherin by p120ctn [45]. Here, one of the functions of
Fer is apparently the phosphorylation of the cytosolic tyrosine
phosphatase PTP1B at a critical residue for the interaction of
the latter with N-cadherin [45]. The presence of PTP1B at
cadherin complexes results in dephosphorylation of β-catenin
[45]. Two tyrosine residues of β-catenin, Y142 and Y654, are
located proximally to the surface involved in the interaction
with cadherin and may regulate the integrity of the cadherin
complex [47], as in vitro phosphorylation of Y654 by EGFR
or Src causes a significant reduction in the affinity of β-
catenin for cadherin [38]. It was shown that phosphorylation
of Y654 is kept in check by the presence of the Fer/PTP1B
loop thus ensuring the continuous dephosphorylation of β-
catenin in the absence of external stimuli targeting the
cadherin complex [7,45]. Y142 resides in the α-catenin
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residue by Fer or Fyn results in dissociation of α-catenin from
β-catenin [32], a feature that strongly correlates with defective
E-cadherin-mediated adhesion [48]. Either directly or indir-
ectly, Y142 is also targeted by activation of c-Met [49].
Altogether, these observations suggest a role for p120ctn
catenin as a regulatory protein in adherens junctions by
recruiting to cadherins tyrosine kinases that can modulate α-
catenin/β-catenin and β-catenin/cadherin interactions.
By an elegant experimental approach involving the use of
cell-permeable peptides, it was shown that by disrupting the
Fer/p120ctn interaction, Fer dissociates from N-cadherin
complexes, followed by loss of PTP1B, β-catenin and
eventually p120ctn [45]. Intriguingly, upon dissociation from
N-cadherin Fer accumulates in β1–integrin complexes [50]. In
brief, Fer regulates AJs via interaction with p120ctn and
phosphorylation of β-catenin, PTP1B and p120ctn itself; in
doing so Fer might also mediate a cross-talk between AJs and
focal adhesions [51].
It has to be noted that at AJs p120ctn can compete for
binding to Fer with a canonical substrate of Src, cortactin
[52,53], which is recruited to N-cadherin complexes in a
tyrosine phosphorylation-independent fashion [54]. In addition,
since both Fer and p120ctn have the ability to bind to
microtubules [35, 55], Fer and p120ctn may reciprocally affect
their cellular localization and interaction with microtubules.
2.3. Receptor tyrosine kinases
Once perceived as a system exclusively involved in
mediating intercellular bonding, cadherin-mediated adhesion
is now considered as a more general mechanism to influence
cell processes such as cell motility, survival and proliferation,
whose importance approaches that of integrin-based adhesion.
Analogously to integrins, a substantial amount of evidence is
consistent with the notion that cadherins and growth factor
receptors entertain a fair degree of cross-talk [56–58]. For
instance, EGFRs colocalize with cadherin-containing structures
at cell–cell contacts and are reported to interact directly with β-
catenin [24,59]. In a parallel fashion to Src, EGFRs are
transiently activated following induction of cadherin engage-
ment in human keratinocytes [15]. Although the two kinases are
capable of reciprocal modulation in other systems [60], it is not
yet known what triggers EGFR activity upon nascent junction
formation (Fig. 2c). Interestingly, cadherin complexes may also
inhibit RTK activity [61]. Upon stimulation with VEGF,
VEGFR-2 associates with the complex and concentrates at
cell–cell contacts, where it may be inactivated by junctional
phosphatases such as DEP-1 [62]. Thus, the VE-cadherin–β-
catenin complex participates in inhibition of VEGF signalling in
contact inhibited endothelial cells, which accounts for the
observation that confluent endothelial cells respond poorly to
the proliferative signals of VEGF [62].
In p120ctn, Y228 is a major target of EGFR activity and
phosphorylation at this site is constitutively elevated in many
carcinoma cell lines [43]. Ligand-dependent activation of
EGFR induced efficient p120ctn Y228 phosphorylation bothin control and SKF-deficient mouse embryo fibroblasts, thus
suggesting that EGFR does not require Src as an intermediate
kinase to stimulate p120ctn phosphorylation, but may signal to
p120ctn either directly or through non-Src family kinases such
as Fer, Met and Abl [43].
2.4. Regulatory loops mediated by tyrosine phosphatases
The observation that activation of potentially oncogenic
tyrosine kinases leads to disruption of cadherin function
implicates the existence of mechanisms able to ensure the
functional and structural integrity of cadherin-mediated adhe-
sion both at resting and upon tyrosine kinase-mediated cues.
Also, the transient rise in tyrosine phosphorylation observed
during de novo formation of AJs has to be restrained.
Not surprisingly, PTPs, both receptor- and non-receptor
types, associate to either cadherins (PTPμ, VE-PTP, PTPIB) or
β-catenin (PTPk, PCP-2, PTPb/z, LAR, SHP-1, SHP-2, PEZ,
LMW-PTP) (reviewed in [7,10,63]). Receptor protein tyrosine
phosphatases (RPTPs) are structurally characterized by extra-
cellular domains that resemble those present in many cell
adhesion molecules. This combination makes RPTPs able to
directly couple extracellular adhesion mediated events to
intracellular signalling pathways by modulating phosphotyr-
osine levels. Since modulation of the activity of PTPs that
interact with β-catenin is followed invariantly by changes in
β-catenin tyrosine phosphorylation, PTPs are believed to
regulate β-catenin–cadherin interaction [7,10]. For instance,
overexpression of LAR [64] or PCP-2 [65] causes reduced β-
catenin phosphorylation by activated tyrosine kinases and
stabilization of adherens junctions, indicating that RPTPs may
be part of a surveillance mechanism needed for epithelial
integrity in vivo. Indeed, we have discussed above the
important regulatory loop involving PTP1B, Fer, β-catenin
and p120ctn.
The tyrosine phosphatases PTPμ [66], DEP-1 [67] and SHP-
1 [36,37] also associate with p120ctn suggesting an important
role for p120ctn as a scaffold for PTPs. The p120ctn protein can
be dephosphorylated by PTPμ and interacts with it through the
N-terminal domain [66]. An issue that remains to be
investigated is the relationship between the decrease of
p120ctn tyrosine phosphorylation and binding to cadherins at
confluence [14] and the up-regulation of PTPμ and other RPTPs
expression at high cell density [10].
2.4.1. SHP-1
p120ctn is one of the main binding partners for the SH2-
containing PTP SHP-1 in EGF-stimulated A431 epithelial
carcinoma cells and a substrate for SHP-1 in these cells.
Different isoforms of p120ctn exhibit differential SHP-1
interaction potential, and this appears to be partly related to
their capacity to become tyrosine-phosphorylated in an EGF-
dependent manner [37]. Despite strong phosphorylation,
p120ctn isoforms 3B and 3AB, however, bound less readily
to SHP-1 [37]. The association of SHP-1 to p120ctn could not
be assigned to a single p120ctn phosphotyrosine; rather,
p120ctn tyrosine phosphates had an additive effect on SHP-1
Fig. 2. Schematic model summarizing how p120ctn integrates inputs from adhesive receptors and tyrosine kinases to modulate cadherin stability, Rho GTPases and
cell motility during the cycle of assembly and disassembly of E-cadherin-based junctions in a prototypic epithelial cell. Although it is postulated that the coordinate
assembly of junctional complexes is dependent on E-cadherin, the notion is emerging that during nascent cell–cell contacts trans-interaction of the adhesion receptor
nectin recruits cadherin to the nectin-based contacts (a). Reportedly, efficient inhibition of endocytosis of unengaged E-cadherin requires bridging of cadherin and
nectin tails by a complex formed by afadin, Rap1 and p120ctn. The role of the complex is thought to enhance binding of p120ctn to E-cadherin. The activation of Src
upon engagement of nectins is apparently upstream of Rac1 and Rap1 activation. Although the N-terminus of p120ctn is subjected to a negative regulation, which is
relieved by expression of afadin, we do not know yet whether phosphorylation events target p120ctn species engaged in the trimeric complexes. Upon homophilic
cadherin ligation, p120ctn fulfils its adaptor function by recruiting Src family and Fer tyrosine kinases at cadherin complexes (b). The docking role of p120ctn for PTPs
and the regulatory roles exerted by the p120ctn/Fer complex on β-catenin are not summarized here. Trans-interacting E-cadherins can initiate outside-in signal
transducing pathways (c) through activation of EGFRs, which are required for full activation of Rac1 in the early phases of junction formation in keratinocytes. Src is
required for recruitment of PI3K to cadherin adhesion sites and for activation of specific GEFs to Rac. Cadherin-bound p120ctn is essential for activation of Rac by
cadherin engagement. Therefore, tyrosine kinases, and p120ctn, by promoting local activation of Rho GTPases, positively contribute to actin cytoskeleton
reorganization at cell contact sites and thereby to adhesive strengthening and formation of stable junctions. Tyrosine phosphorylation of p120ctn by SFK and EGFR
(red arrows) is transiently increased in this phase, but while p120ctn N-terminus is necessary for coupling to Rho GTPases, the relationship of phosphorylation with
activation of Rho remains unsettled. Upon engagement of RTKs by growth factors and ensuing activation of Src or activation of oncogenic v-Src signals are
propagated to activate Rho GTPases and rearrange the actin cytoskeleton (d). Long-term activation of RhoA, which is required for epithelial–mesenchimal transition,
is achieved through the collaboration of a pathway originated at the cell surface and involving the integrity of p120ctn catenin. Either directly or indirectly, activation of
tyrosine kinases results in p120ctn being heavily tyrosine phosphorylated at specific residues in the phosphorylation domain (red star), as well as in tyrosine
phosphorylation of the JMD domain of cadherins (red star). While the latter contributes to stimulate the recycling of cadherins by favouring the release of p120ctn from
cadherin, it is postulated, but not yet formally demonstrated, that tyrosine phosphorylation of p120ctn contributes directly to modulation of cell-adhesion strength and
cell motility.
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phosphorylation at the C-terminus, is particularly effective at
dephosphorylating Src substrates, including p120ctn Y296 [68].
It was then predicted that Src-dependent signals should be
transient in the presence of SHP-1 [68].
2.4.2. DEP-1
Among all the phosphatases found to be associated with
cadherins, DEP-1/CD148 [69] is of particular interest in
endothelial cells, where, as we discussed earlier, DEP-1 mayfunction in the regulation of cell adhesion and possibly
contact inhibition of cell growth [62]. Interestingly, DEP-1
interacts with β-catenin, plakoglobin and p120ctn [67,70].
However, only through the use of substrate-trapping mutants
of DEP-1, which allow the identification of physiological
substrates of PTPs, was it possible to detect a stable bin-
ding to p120ctn (70). Thus, p120ctn may interact with
DEP-1 in a phosphorylation-dependent manner, whereas β-
catenin and plakoglobin may interact with DEP-1 constitu-
tively [70].
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p120ctn is phosphorylated on multiple serine and threonine
sites. Fig. 1 shows the location of the recently identified S/T
sites on p120ctn that can be phosphorylated in vivo [71]. The
majority of these sites are clustered in the phosphorylation
domain, which, as we have seen above, also contains the
majority of previously identified tyrosine phosphorylation sites.
Importantly, however, S873 and T910 are located in the
carboxy-terminal end, indicating a new regulatory region (see
below). The Arm domain itself does not seem to contain
prominent phosphorylation sites, although not all phosphory-
lated S/T sites have been identified [71].
p120ctn is found constitutively phosphorylated on S/T
residues in different cell lines [22,33,71–73]. Accordingly,
recently generated antibodies that selectively bind to S- or T-
phosphorylated epitopes on p120ctn readily detect p120ctn
protein species at AJs in normal culture conditions [73]. De
novo phosphorylation of p120ctn at serine/threonine residues
has been observed upon stable expression of ectopic E-cadherin
in cadherin-deficient cell lines, such as MDA231 and A431D
cells [34]. In these cells, ectopic cadherin promotes AJs
formation and efficiently recruits p120ctn from cytoplasm to
cell–cell contact sites. Expression in these same cells of
p120ctn-uncoupled E-cadherin mutant, which localizes to
junctions but fails to recruit p120ctn, does not stimulate
p120ctn phosphorylation [34]. Thus, these results suggest that
phosphorylation of p120ctn requires its recruitment at cadherin
adhesive sites and that kinases acting on p120ctn are likely to
reside at the plasma membrane. These kinases, as well as the
specific phosphatases involved, remain to be identified, but
PKC could have a role since a specific PKC isozyme inhibitor
promotes partial dephosphorylation of p120ctn in MDCK [72]
as well as in HT-29 cells expressing ectopic E-cadherin (AM
Salvatore, unpublished).
Earlier findings, however, described transient dephosphor-
ylation of p120ctn on S/T sites upon pharmacological activation
of PKC in epithelial cells [72]. Significant dephosphorylation of
p120ctn (and β-catenin) has been also observed in endothelial
cells in response to inflammatory agents, such as histamine,
thrombin and lysophosphatidic acid [74,75] that appear to adopt
PKC-dependent and -independent pathways in modulating
p120ctn S/T phosphorylation. Importantly, supporting a
previous observation that activated RTKs (but not v-Src)
could modulate transiently S/T phosphorylation of p120ctn
[22], VEGF stimulates both tyrosine phosphorylation and a
rapid decrease in S/T phosphorylation of p120ctn in endothelial
cells [76]. Therefore, correlative evidence raise the possibility
that S/T phosphorylation of p120ctn triggered by physiologi-
cally relevant agents could play a role in signalling pathways
regulating intercellular junctions and thereby permeability in
endothelial cells.
It should be noted that in the experiments discussed above,
dephosphorylation of p120ctn has been indirectly evidenced by
measures of total S/T phosphorylation changes or by p120ctn
motility shift in SDS-PAGE. Thus, despite the evidence
implicating a dephosphorylation of p120ctn by activatedPKC, recent identification of specific phosphorylation sites
regulated by PKC, revealed that the most striking, and likely
direct, effect of PKC activation is a strong phosphorylation at
S873 in the C-terminal end of p120ctn [71]. PKC activation,
however, also results in the prominent dephosphorylation of
S268 and partial dephosphorylation of additional sites at the N-
terminal end [71], implicating kinases/phosphatases down-
stream of PKC. In this connection, inhibition or silencing of
serine/threonine protein phosphatase PP2A, which is associated
with E-cadherin complexes, caused disruption of cell–cell
adhesion, without affecting the complex formation of E-
cadherin with β- and α-catenins [77]. However, it remains to
be seen whether S/T sites in p120ctn may be regulated by PP2A.
The experiments involving activation or inhibition of PKC,
taken as a prototypic S/T kinase, demonstrate that p120ctn can
be either phosphorylated or dephosphorylated at multiple sites.
Thus, attempts at correlating phenotypes with levels of total S/T
phosphorylation or the use of protein kinase inhibitors with
broad specificity are likely to be uninformative. We anticipate
that only through a systematic identification and subsequent
mutational analysis of S/T residues targeted by kinases and
PTPs will it be possible to address the physiological role of S/T
phosphorylation of p120ctn in cadherin function [71,73].
Phosphorylation of p120ctn in S/T residues has been
implicated as a negative regulator of adhesion in Colo-205
cells, where unknown constitutively active signalling pathways
induce extensive phosphorylation of p120ctn [78]. Indeed, cell–
cell adhesion is significantly ameliorated in these cells by
expression of an N-terminal deleted mutant of p120ctn (ΔN-
p120ctn) or by staurosporine [78], which induces depho-
sphorylation of S268 [71]. However, the negative regulatory
effects of p120ctn N-terminus cannot be phenocopied by
mutation of the S/T sites, both individually and in multiple
combinations, in this region [71]; since the rescuing of adhesion
in Colo205 by staurosporine could result from the depho-
sphorylation of other proteins involved in cell–cell adhesion,
the most parsimonious explanation is that the negative effects
exerted in this cell context by the amino terminus are mediated
by mechanisms other than phosphorylation of p120ctn itself.
Alternatively, other not yet identified S/T residues or concurrent
tyrosine phosphorylation could be involved.
4. Impact of p120ctn phosphorylation on formation and
stabilization of cadherin-dependent adhesive contacts
The answer to this question requires exploring the role of
p120ctn phosphorylation in the overall context of p120ctn
function at cadherin complexes. Here, p120ctn is likely to play
distinct roles at different times during the dynamic process of
AJ assembly and disassembly (Fig. 2).
Insight into how remodelling of AJs is controlled has
recently stemmed from the study of internalization and
recycling of cadherins [79,80]. A small pool of E-cadherin is
constitutively trafficked through endocytosis and recycling.
Remarkably, E-cadherin trafficking increases substantially
when cells are exposed to cues that weaken or disrupt cell–
cell adhesion, including Src activation [81–83]. There is much
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showing that one of p120ctn functions in adhesiveness is to
stabilize cadherin expression at the cell surface, thus strictly
controlling the amount of cadherin molecules available for cell–
cell adhesion. Consistently, in the absence of p120ctn, cadherins
are rapidly degraded upon their delivery at the cell surface
[84,85]. Although some findings also suggest an involvement of
p120ctn in recycling of cadherins at plasma membrane [86], the
prominent role of p120ctn in cadherin trafficking appears to be
the regulation of cadherin internalization [87]. The mechanism
involved is not yet fully understood. However, cadherin
stability is stringently dependent on the physical interaction
between the p120ctn Arm domain and the cadherin tail [84], and
probably involving p120ctn competition with other interactors
of the juxta-membrane domain (JMD) of cadherins [87]. At
least two examples support this proposition: (i) an Src-
associated pathway promotes binding of the ubiquitin ligase
Hakai to a tyrosine phosphorylated motif in the JMD, leading to
E-cadherin ubiquitination and internalization [82] (Fig. 2d); (ii)
tyrosine phosphorylation of VE-cadherin at a critical and
conserved tyrosine prevents binding of p120ctn to VE-cadherin
JMD [88]. In addition, binding of p120ctn to VE-cadherin
directly prevents VE-cadherin internalization by inhibiting a
constitutive signal intrinsic to the intracellular tail that targets
VE-cadherin to clathrin-mediated endocytosis [87]. Finally, that
cadherin endocytosis is controlled by association/dissociation
of p120ctn is strongly suggested by the observation that
p120ctn does not colocalize with internalized cadherin in early
endosomes [87,89].
A simple model would thus predicate that p120ctn binding
retains cadherin at the cell surface, while dissociation from
p120ctn renders cadherin prone to be internalized and
degraded. This model implies that changes of the strength
of the p120ctn–cadherin interaction may have a profound
impact on cadherin expression and, consequently, on
cadherin-directed adhesive events. Since cadherin levels are
tightly controlled, this model would also imply that p120ctn
affinity binding for cadherins must be finely regulated. Is
endocytosis, and thus stability of cadherins at the cell surface
controlled by phosphorylation of p120ctn? As mentioned
above, the affinity of the p120ctn/E-cadherin interaction
appears to be relatively low [41] and possibly amenable to
dynamic regulation. Consistently with in vitro binding data
[38], tyrosine phosphorylated p120ctn species are preferen-
tially bound to cadherins [11,39,40], a result that prima facie
seems to militate against tyrosine phosphorylation favouring
p120ctn dissociation from cadherin. Tyrosine-phosphoryla-
tion-defective p120ctn mutants (p120ctn7F) as well as
mutants for the six major S/T sites, efficiently bind and
stabilize E-cadherin at the cell surface in normal cells [43,71],
indicating that phosphorylation of p120ctn may not be
required for, but is a consequence of cadherin binding. On
the other hand, the observation that ΔN-p120ctn restored E-
cadherin stability more efficiently than the isoforms that retain
the N-terminus [1] argues against a positive role of tyrosine
phosphorylation in regulating p120ctn-dependent cadherin
turnover and is compatible with a model, in which thetyrosine phosphorylation domain cooperates with other
features at the N-terminus to modulate retention of p120ctn
at cadherin complexes.
Interestingly, a recently proposed model for early recruit-
ment and stabilization of cadherins at cell membrane has it that
efficient inhibition of endocytosis of non-trans-interacting E-
cadherin requires bridging of cadherin and nectin intracellular
tails by a trimeric complex formed by afadin, Rap1 and p120ctn
[90] (Fig. 2a). The role of the complex is thought to enhance
binding of p120ctn to E-cadherin, and, intriguingly, in afadin-
null cells only ΔN-p120ctn can rescue junction formation [91],
suggesting the existence of negative regulation targeted to the
N-terminus in these early phases of cadherin stabilization.
However, while trans-interaction of nectins is reported to
activate Src, there is no direct evidence that p120ctn species
engaged in the trimeric complex are phosphorylated [91]. In
conclusion, the data available thus far suggest that tyrosine
phosphorylation of cadherin, as discussed above, rather than of
p120ctn can lead to dissociation of p120ctn [82,88,92].
A key function of p120ctn is its participation in the
regulation of the organization of the actin cytoskeleton at
adhesive sites and thereby adhesive strength (reviewed in
[5,93]). One of the means by which this control is exerted is
by recruitment and activation of Rho GTPases at cadherin
complexes [94], in the context of cadherin-directed signalling
events that lead to formation and stabilization of AJs (Fig. 2b,
c) [92,95]. As alluded to earlier, transient tyrosine phosphor-
ylation of cadherin-complex components, including p120ctn,
also parallels cell junction formation [12,43]. What is the
source of these phosphorylation events? Upon homophilic
cadherin ligation in reconstituted systems, Src activity is
necessary for recruitment of key signalling molecules to
cadherin adhesion sites and activation of specific GEFs to Rac
[18,30]. Src is by no means the only TK involved, as E-
cadherin can initiate outside-in signal transducing pathways
through the engagement and ligand-independent activation of
EGFRs [15,43], which in turn are required for full activation
of Rac in the early phases of junction formation in
keratinocytes [16]. Moreover, increased Rho activity, which
is also required for the establishment of E-cadherin-dependent
cell contacts in keratinocytes [96], stimulates Fyn-dependent
tyrosine phosphorylation of catenins, pointing to a regulatory
loop between the Rho GTPases and tyrosine kinases at
adhesive contacts [13]. Therefore, the possibility arises that
tyrosine kinases, by promoting local activation of Rho
GTPases, positively contribute to the cadherin-activated
signalling pathway which leads to actin cytoskeleton reorga-
nization at cell contact sites and thereby to adhesive
strengthening and formation of stable junctions (Fig. 2).
Since activation of both Src and Rho GTPases at AJs follows
a similar temporal course, it is conceivable to invoke a pivotal
role for p120ctn as an integrator of these activities. Expression
of ΔN-p120ctn in keratinocytes inhibits adhesion zippers
progression into sealed, mature junctions [34,97], suggesting
that the N-terminus, which is incompetent for coupling of
p120ctn to Rho GTPase activity [97], and its phosphorylation
might play a role in formation and/or maturation of new
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a role in regulating p120ctn-mediated GTPase activity at AJs
has not yet been directly tested. This question will be better
addressed when novel experimental settings will be developed
in which subtle changes in cytoskeleton arrangement become
measurable and could be assigned to specific phosphorylation
events. At any rate, the p120ctn-7F mutant does not appear to
significantly affect E-cadherin-mediated junction formation in
the A431 cell line [43], although the effect of this mutant on cell
systems exhibiting more suitable kinetics in junction formation
[98] remains to be investigated.
5. Is phosphorylation of p120ctn involved in disassembly of
adherens junctions?
Signals generated by either select RTKs (e.g. Met) or
conditionally active ts-v-Src can lead to the disassembly of
mature AJs characterized by fully clustered cadherins. Disrup-
tion of cell–cell junctions in epithelial cells is often followed by
the acquisition of mesenchymal morphology and a motile
phenotype (Fig. 2). Although this phenotypic conversion is
rather extreme, the synchronicity of disassembly that they
exhibit represents nevertheless a useful experimental setting for
studying the mechanisms involved in AJ turnover. Interestingly,
overexpression of p120ctn in otherwise normal epithelial cells
induces a similar phenotype [97,99] and does so in concert with
endogenous growth factor activated pathways [97]. This
function of p120ctn is assigned to the N-terminus region that
is required for the functional coupling to activation of Rho
GTPases [97]. Indeed, motility and scattering activities induced
by growth factors as well as their modulation of Rho GTPases
are abrogated by overexpression of ΔN-p120ctn [97]. On the
basis of these findings, it is postulated that signalling pathways
from RTKs causing disengagement of cadherins impinge on
p120ctn phosphorylation domain in the N-terminus.
Current thinking holds that tyrosine phosphorylation of
p120ctn and β-catenin contributes to defects in cadherin-
mediated adhesion also in Src-transformed cells. While it was
shown earlier that these defects might be largely independent of
β-catenin tyrosine phosphorylation [26], morphological trans-
formation and cadherin-dependent adhesion can be recovered in
v-Src-transformed mesenchimal and epithelial cells by over-
expression of ΔN-p120ctn, again suggesting that the N-
terminus is integrating signals from tyrosine kinases [42,97]
(our unpublished data). Ozawa and Ohkubo [42] also reported
that v-Src-induced effects on E-cadherin function are partially
reversed in L cells by mutation of p120ctn Y217, a residue that,
however, is unlikely to be phosphorylated directly by Src [36].
Finally, overexpression of the p120ctn-8F mutant in Src-
transformed cells failed to show any obvious dominant-negative
effect when scored for reversion of cell morphology and actin
cytoskeleton to normalcy [36]. In principle, this result does not
rule out an important role for p120ctn (and its phosphorylation)
in the transformation process. Rather, as mentioned before, it
highlights the difficulty in discriminating among the pleiotropic
effects and substrates of activated Src kinases [5,6]. Interest-
ingly, it was reported that ectopic expression of PTENphosphatase in MDCK-ts-Src cells reverted morphological
transformation and induced cell aggregation in an E-cadherin-
dependent manner, in the absence of relevant variations in
phosphorylation levels of E-cadherin and associated catenins
[100].
6. Summary and outlook
p120ctn catenin is a multisite substrate for both tyrosine and
serine/threonine kinases. The peculiar location of the phosphor-
ylation sites at two distinct regions of p120ctn is consistent with
the existence of two regulatory domains. All the identified
tyrosine phosphorylation sites localize at the N-terminal end,
where the majority of them cluster within a short stretch of
amino acids together with several serine/threonine phosphor-
ylation sites. While the presence of a phosphorylation domain
appears as a unique property of p120ctn, the apparent dualism in
function between p120ctn and β-catenin is compatible with a
“specialization” in their patterns of phosphorylation. At the
opposite end of p120ctn, the C-terminus harbours two
phosphorylable S/T residues that are likely to play important
regulatory effects on p120ctn function.
There is much to be learnt on the kinases targeting p120ctn
and on their specific sites of phosphorylation. A point in case is
represented by EGFR and Src. The p120ctn residues phos-
phorylated upon physiological activation of RTKs may only
partially overlap with those phosphorylated directly by an
aberrant tyrosine kinase (v-Src), given that EGFR stimulates
specific phosphorylation of p120ctn in an Src-independent
fashion. We thus predict that different kinases may regulate
p120ctn activity in subtly different ways, thanks to qualitative
(i.e. identity of phosphorylated residues) and/or quantitative
(relative stoichiometry) differences in p120ctn phosphorylation.
When uncovered, these differences could be revealing of
distinct signalling intermediates and mechanisms by which
extracellular cues control cadherin function. For instance, it
would be instructive to learn whether the striking differences in
the phenotypes imposed on epithelial cells by overexpression of
v-Src and c-Src [28] are paralleled by differences in the patterns
of tyrosine phosphorylation of p120ctn.
Unidentified kinases are responsible for the “constitutive”
phosphorylation of p120ctn at S/T residues. However, the
pharmacological activation of PKC selectively promotes
phosphorylation of a specific serine at the C-terminus, and
concomitantly induces partial dephosphorylation of multiple
sites at the N-terminus. These results implicate that other
pathways act downstream of PKC in co-ordinately regulating
p120ctn phosphorylation at the two distinct and spatially
segregated regulatory regions. Intriguingly, while ligand-
activated EGFR and PDGFR stimulate S/T phosphorylation
of p120ctn, activation of VEGF-R1 has been reported to induce
S/T dephosphorylation at the N-terminus. These observations
lead to the speculation that concurrent Y and S/T phosphoryla-
tion may actually influence each other and require a coordinate
regulation.
The multisite organization and the apparent redundancy of
potential phosphorylation sites suggest that p120ctn might be
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corresponding to specific biological responses. Other mechan-
isms may be directed at obtaining different functions by
modifying the duration of a given signal (i.e. transient vs.
sustained). A major operative role for p120ctn, and partly
dependent on being subjected to phosphorylation, is defined by
p120ctn acting as an adaptor/scaffold site to modulate tyrosine
phosphorylation of p120ctn itself and other components of
cadherin complexes. Here, the presence of phosphatases implies
a tight regulation of local phosphorylation events and might be
involved in controlling duration and extent of signals reaching
cadherin complexes. Remarkably, more than one phosphatase
or kinase can potentially be a partner of either β-catenin or
p120ctn. A consequence of this promiscuity would be a vast
heterogeneity in the composition, and phosphorylation pattern,
of complexes, which entails either a spatial or temporal control
of cadherin at AJs.
The physical proximity of phosphorylated Y and S/T
residues in the phosphorylation domain suggests a further
level of regulation. An example is offered by the regulation of
cortactin, an actin-binding protein that interacts with cadherin
complexes [52,54] and with δ-catenin, a member of the p120ctn
family unique to the nervous system [101]. During actin
reorganization following receptor signalling, cortactin activates
N-WASP-mediated Arp2/3 complex-dependent actin polymer-
ization. This ability is positively regulated by Erk phosphoryla-
tion of specific serine residues and negatively regulated by Src
phosphorylation of a pair of tyrosines located in the same
domain, indicating that these kinases provide on and off signals
that regulate cortactin activity [102]. S and Y containing motifs
that specify alternate signals and biological responses represent
a further cogent paradigm for gaining specificity, and buffering
noise. In one instance, the S/Y motif in a cytokine receptor
works as a binary switch in which phosphorylation of S and Y
are mutually exclusive and are phosphorylated upon different
concentrations of the activating ligand [103].
Although we do not yet fully understand how p120ctn
functions, the idea is mounting that it fulfils a role of signal
integrator at AJs [5,6]. Indeed, p120ctn has been shown to
participate at multiple steps in the pathways activated by
cadherin engagement leading to stable AJ formation. p120ctn is
also a necessary target of v-Src and RTKs in promoting AJs
turnover and cell migration. Furthermore, p120ctn could even
have a role in mediating a cross-talk between cell–cell and cell–
matrix adhesion systems. In the absence of formal evidence for
a critical regulatory role of phosphorylation (either Y or S/T) in
any of the presently accepted roles of p120ctn in cell–cell
adhesion, current ideas are that multisite phosphorylation
enables p120ctn to differentially respond to and interpret
multiple incoming signals, both agonistic and antagonistic in
nature. We close by emphasizing that to provide clear answers
to the questions raised above, future work should attempt to de-
codify the information encrypted in the patterns of phosphor-
ylation changes on p120ctn. These are the identities of
phosphorylated sites as well as the kinases, phosphatases and
other unknown partners that are differentially recruited to
p120ctn N-terminus in response to specific events. Thisendeavour would eventually define p120ctn function under
different environmental circumstances or in specialized cell
types.
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